ABSTRACT The purpose of this study was to determine the value and limitations of an updated Doppler echocardiographic measurement of the aortic regurgitant fraction derived from the comparison of forward and reverse flows in the aortic arch. The method was based on the improvements in sampling and displaying Doppler frequencies and blood velocities provided by pulsed-emission, twodimensional location, and spectral analysis and on an account for variations of aortic diameter through an M mode record of the aortic arch. Relevant statistical comparisons were performed between simultaneous noninvasive and invasive determinations of the regurgitant fraction in a group of 30 patients with aortic regurgitation (group 1) and between simultaneous noninvasive and invasive measurements of variations of the regurgitant fraction induced by atrial pacing or vasodilator administration in 12 patients of this group. The two basal determinations were closely correlated (r = .90). The invasive regurgitant fraction ranged from 0% to 80%. The standard error of the Doppler estimate was 8.8% in group I as a whole and was only 6% in a subgroup of 20 patients with a high systolic aortic flow pattern, defined as both peak velocity above 0.8 m/sec and duration of systolic flow above 0.24 sec. This pattern was present in almost all (19/22) patients in whom the aortic regurgitation was more than moderate by invasive criterion (regurgitant fraction above 40%). The standard error of the Doppler estimate of variations of the regurgitant fraction was only 6.6%. Among 100 additional patients with aortic regurgitation (group 1I), only 12 had no pandiastolic reverse flow in the arch, and their regurgitation was always mild at aortographic examination. Among 100 patients without aortic regurgitation (group III) four had a pandiastolic reverse flow in the arch and each had a left-to-right shunt issued from the aorta at the invasive study. The false-negative and false-positive diagnoses of aortic regurgitation on aortic arch records were all corrected by the Doppler sampling beneath the aortic valve. Provided that left ventricular sampling confirms the regurgitation and that aortic sampling displays the high systolic flow pattern, the Doppler measurement of the regurgitant fraction in the aortic arch is remarkably suited to the assessment and follow-up of patients with aortic regurgitation. Circulation 72, No. 4, 819-824, 1985. ECHOCARDIOGRAPHIC measurements of left ventricular dimensions contribute to the assessment and follow-up of patients with aortic regurgitation,' 2 although their prognostic value is still controversial.3 Noninvasive quantitation of the magnitude of the re-
gurgitation would improve the assessment of these patients and could provide important additional data regarding the prognosis. Boughner4 in 1975 measured the aortic regurgitant fraction in the aortic arch by means of a continuous-wave Doppler instrument, but the measurement was difficult and even impossible in some patients because of interference with venous flows present along the ultrasonic beam. Since the introduction of pulsed-wave Doppler, which provides range resolution along the beam and can be performed under two-dimensional location, numerous indexes have been proposed based either on flow comparisons in the aorta5-7 or on mappings of the regurgitant jet in the left ventricle.8 However, these new indexes were Vol. 72, No. 4 , October 1985 819 compared with three-or four-point aortographic gradings, which have their own serious limitations." 1 12 Furthermore, this semiquantitative reference did not permit comprehensive statistical assessment (including SEE) of the quantitative Doppler indexes. The aim of our study was threefold: (1) to assess an improved Doppler method of measurement of the aortic regurgitant fraction in the aortic arch, (2) to test the value of the method for the measurement of variations of the regurgitant fraction, and (3) to assess the sensitivity and specificity of Doppler aortic arch records obtained in large additional groups of patients with or without aortic regurgitation.
Methods
Patients. Group I included 30 patients with aortic regurgitation who underwent a simultaneous invasive and noninvasive measurement of the aortic regurgitant fraction. Twelve patients were then restudied under atrial pacing or while on vasodilators.
Patients with left ventricular asynergy, tricuspid regurgitation, arrhythmias, mitral regurgitation, or ventricular septal defect were excluded because these abnormalities would have hampered the invasive determinations of left ventricular volumes, cardiac output, and/or aortic regurgitant fraction. The ages, etiologies and associated lesions are listed in table 1.
Group II included 100 patients with aortic regurgitation confirmed by aortography and/or surgery, and group III included 100 patients with valvular, congenital, or ischemic heart disease diagnosed by left and right heart catheterization and unassociated with aortic regurgitation. These additional groups were studied to review the timing, magnitude, sensitivity, and specificity of the diastolic flow values that can be recorded by pulsed Doppler in the aortic arch. Invasive determination of the regurgitant fraction. Cardiac output was averaged from three thermodilution determinations with the Swan-Ganz catheter. Effective stroke volume was calculated as cardiac output divided by heart rate. Total stroke volume was the difference between end-diastolic and end-systolic volumes determined from a 30 degree right anterior oblique cineangiogram with the area-length method and a correction formula.'3 Angiography was performed immediately after the thermodilution cardiac output measurement. The regurgitant 
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In group I the Doppler record was obtained simultaneously with the cardiac output measurement. An M mode record of the aortic arch diameter was performed under two-dimensional guidance of the long axis view of the horizontal segment of the arch so that arterial branchings were avoided (figure 2, A). The opeiators analyzing the Doppler and M miode records were unaware of angiographic results and invasive data processing.
Ultrasound data analysis . The ratio of diastolic to systolic areas was calculated to give the time-velocity integral (TVI) ratio (%). In two patients of group I the aortic regurgitation was not associated to the typical pandiastolic reverse flow, and only low amplitude diastolic flows were observed, with a reverse component limited to early diastole. In these cases the TVI ratio was considered to be 0%. In the rest of group I the TVI ratios were averaged on five consecutive, technically adequate cycles; the mean and maximal differences between the TVI ratios determined by two independent operators were 4% and 8%. Peak systolic velocity and duration of systolic flow were measured. Whenever their respective values were both over 0.8 m/sec and 0.24 see, respectively, the patients were included in a high systolic flow subgroup.
The regurgitant fraction was the ratio of diastolic to systolic flow in the arch. Each flow was the product of the corresponding TVI times a corresponding aortic cross-sectional area. Therefore the regurgitant fraction was the ratio of diastolic to systolic TVI times the ratio of diastolic to systolic cross-sectional area. Each aortic cross-sectional area was equal to the square of an aoritic diameter times T/4. Therefore the diastolic to systolic area ratio was equal to the square of a diastolic to systolic diameter ratio (figure 2, B). Whenever significant, the aortic diameter variations (figure 2, A) included a rapid early systolic increase, a midsystolic plateau at a maximal diameter value, a dicrotic notch, and a progressive decrease to an end-diastolic minimal value. In calculations of the diameter ratio, the systolic value was the maximal diameter and the diastolic value was the average of maximal and minimal diameters (figure 2, C). In group I as a whole these systolic and diastolic values were compared with the tiue mean systolic and mean diastolic diameters, calculated by dividing the planimetered M mode aortic systolic and diastolic areas by the duration of systole and diastol e, respectively (figure 2, D 821 TOUCHE et al.
0.8 mm, paired t = 5.4. p < .01) and the mean diastolic diameter (averaged difference 0.6 mm, paired t = 4.5, p < .01), but the difference in diameter ratios was insignificant (paired t 1 1.4). Groups 11 and III. In group 11 (patients with aortic regurgitation) we studied the frequency of absence of a pandiastolic reverse flow in the arch. In the corresponding subgroup of patients we reviewed the results of the aortographic grading and of the Doppler diagnosis of the aortic regurgitation by left ventricular sampling. In group I1 (patients without aortic regurgitation) we studied the frequency of presence of a pandiastolic reverse flow in the arch. In the corresponding subgroup we reviewed the diagnosis provided by the invasive study and the results of the Doppler search of an aortic regurgitant jet in the left ventricle. In the remaining group III patients some reverse flow was found in the arch in the early diastole, frequently followed by a middiastolic forward flow. In these patients the relative magnitude of the net diastolic flow was evaluated on a representative cycle by calculating a TVI ratio, equal to: (diastolic reverse flow -diastolic forward flow)/systolic forward flow. As in group Is a subgroup of patients with the high systolic flow pattern was constituted.
Results
The individual results in group I at the basal state are presented in table 1 . Two patients were discarded from the statistical comparison, one because of ventricular premature beats during angiography and the other because of lack of adequate Doppler signal in the aortic arch. The invasive regurgitant fraction ranged from 0% to 80%. The patient with an invasive regurgitant fraction equal to zero had a total stroke volume that did not exceed the effective stroke volume, with minimal regurgitation on aortography. TVI ratios ranged from 0% to 97% and correlated well with the invasive regurgitant fraction: r -.86, TVI ratio (%) = 1.05 x invasive fraction (%) + 2%, SEE = 12.4%. The cross-sectional area ratio ranged from 75% to 100%, with the smallest values observed in young patients with severe regurgitation (patients 2, 16, and 27, table 1); however, the correlation with the invasive regurgitant fraction was not significant (r = .22). The comparison between invasive and noninvasive regurgitant fractions at the basal state is shown in figure 3 , left: noninvasive regurgitant fractions ranged from 0% to The comparison between the induced variations of the regurgitant fraction is presented in figure 3 , right. Variations of the invasive regurgitant fraction (second value -basal value) ranged from -24% to + 1 1%, with increases in only two patients (in one electrocardiographic signs of myocardial ischemia appeared during atrial pacing and in the other vasodilator dose and delay after the first angiographic study may have been insufficient). The variations of the noninvasive fraction always occurred in the same direction (r = .82, and SEE = 6.6%).
In group II the aortic regurgitation was associated with a pandiastolic reverse flow in the arch in 88 of 100 patients and with a reverse flow limited to early diastole in 12 of 100 patients. The review of the 12 corresponding case reports indicated that the regurgitation had been diagnosed by Doppler examination of the left ventricular outflow tract in each case and that it had always been graded 1/4 on aortographic examination.
In group III a pandiastolic reverse flow was recorded in the absence of aortic regurgitation in four of 100 patients: one rupture of the sinus of Valsalva in the right atrium, one abnormal coronary artery with aortopulmonary shunt, and two patent ductus arteriosus. None of these four patients had Doppler signals of aortic regurgitation in the left ventricle. The reverse flow was limited to early diastole in 96 of 100 patients and was followed by a detectable forward flow in 50 of 96 patients. The TVI ratio (diastolic reverse flowdiastolic forward flow/systolic forward flow) was very close to 0 in the 43 of 96 patients with the high systolic flow pattern (mean = 0.5%, SD-8%, range -16% '- or recently by two-dimensional color-coded pulsed Doppler, measuring the length of the jet,'t 14 its areas on long-and short-axis views of the left ventricle'0 or on a short-axis view just beneath the aortic orifice9; (2) flow comparisons between increased forward flow through the aortic valve and normal or low forward flow through another cardiac sampling site'5 or more frequently between forward and reverse flows at the same site, either the ascending aorta5 S, 6 or the aortic arch.4' ', 7 In the search of an optimal Doppler approach to the assessment of aortic regurgitation, the discussion will focus on the specific advantages of our proposed method. 6, 16 has large movements during the heart cycle and a nonuniforrn distribution of blood velocities. '5 In this study, aortic arch records displayed narrow spectra in both systole and diastole and were not clearly modified during attempts to vary the sampling position within the selected aortic section. This suggested a laminar flow and a reasonably flat velocity profile at that site, which was also supported by experimental data.' Sampling the regurgitant flow in the left ventricle permits various evaluations of the dimensions of the regurgitant jet, which have been correlated to angiographic gradings. " 1' This approach is aided by tw-odimensional color-coded pulsed Doppler.'3 However, the estimated size of the flow disturbance varies with the sensitivity of the instrument in a given patient and does not account for the duration of regurgitation and for its changes within diastole. Flow comparisons with two different sampling sites"A instead of one may be affected more markedly by the potential errors in the determinations of dimensions and incident angles.
Sources of error. Diastolic flows were constantly observed in the aortic isthmus, even in patients without aortic regurgitation (group III). In this group of patients the typical pattern was an early diastolic reverse flow followed by a middiastolic forward flow, as on the record of a normal subject compared to six records of the study in figure 4 . The relative magnitude of the net diastolic flow was negligible in a subgroup of these patients fulfilling a high systolic flow pattern. In patients with aortic regurgitation (group I) and with the same high systolic flow criteria, an excellent agreement between invasive and noninvasive measurements of the aortic regurgitant fraction was observed. This subgroup included almost all patients with more than moderate aortic regurgitation. Conversely, when the high systolic flow pattern was not observed, the relative magnitude of diastolic flows in the absence of aortic regurgitation (group III) could be considerable in particular patients. sons are hampered by the limited quantitative information provided by three-point gradings, or by the important overlaps between four or five grades. 11 We recognize that the invasive measurement of the aortic regurgitant fraction has its limitations, although a reasonable agreement was obtained between thermodilution and angiographic stroke volumes in our abovementioned series of 35 patients without regurgitation. Notwithstanding the difficulties in the search of a "'gold standard," the excellent agreement with the best available clinical measurement of the regurgitant fraction fully justifies the clinical use of the Doppler method.
Utility of the method. The Doppler measurement of the regurgitant fraction may be used to obviate particular limitations of the invasive measurement, such as associated mitral regurgitation or beat-to-beat changes present during arrhythmias. Furthermore, it should improve the routine assessment and follow-up of patients with aortic regurgitation, which remains a difficult clinical problem despite the contribution of the echocardiographic assessment of left ventricular dimensions. The major reason why the severity of the leak has not been included in the follow-up of these patients thus far was that no accurate and repeatable noninvasive measurement was available. Such a measurement is provided by the aortic regurgitant fraction calculated in the aortic arch by the present Doppler techniques. 
